Abstract: Biliary tract cancers (BTCs) are lethal malignancies currently lacking satisfactory methods for early detection and accurate diagnosis. Surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS) is a promising diagnostic tool for this disease. In this pilot study, sera samples from 50 BTCs and 30 cholelithiasis patients as well as 30 healthy subjects from a population-based case-control study were randomly grouped into training set (30 BTCs, 20 cholelithiasis and
Introduction
Biliary tract cancers (BTCs), encompassing tumors of gallbladder, extrahepatic bile ducts, and ampulla of Vater, are rare but fatal malignancies. During the past several decades, incidence of BTCs has increased rapidly in Shanghai, China, with the age-adjusted incidence of BTCs in males and females going from 1.2 to 3.1 per 100,000 and from 1.7 to 4.6 per 100,000 between 1972-1974 and 1993-1994, respectively ; the annual percentage change was 4.0% and total percentage change was 160% [1, 2] .
Due to the difficult accessibility of diagnostic tissues and lack of specific symptoms, most BTCs are often detected at an advanced stage, resulting in average 5-year relative survival rates of 10-20% [3] . However, survival rates are closely related with stage at diagnosis. In one study, the 5-year survival rates were only 0.7% for gallbladder cancer and 1.3% for extrahepatic bile duct cancer with metastasis, compared to 41.9% and 26.5% for localized cancers, respectively [3] . Donohue et al. [4] also reported an after-surgery 5-year survival rate of less than 5% for gallbladder cancer in patients diagnosed at a later stage, but an 85%-91% rate for those diagnosed at an early stage. In a Chinese population, the survival rate of gallbladder cancer was also closely associated with the stage at diagnosis [5] . Thus methods that could aid in early detection are desirable for better outcomes.
Differentiation of benign and malignant lesions is also important for the prognosis of the disease. Currently, BTCs are usually diagnosed through a combination of imaging, endoscopy histology and blood tests. The imaging and endoscopy techniques, such as magnetic resonance imaging (MRI), computed tomography (CT), endoscopic retrograde cholangiopancreatography (ERCP) and magnetic resonance cholangiopancreatography (MRCP), perform well in locating the lesions but lack specificity in distinguishing cancers from inflammatory or non-neoplasitc entities. For example, gallbladder cancer and cholecystitis cannot be reliably distinguished by the currently available diagnostic methods [6] . In the Shanghai Biliary Tract Cancer study (SBTCS), the parent study of this report, about 21% of the cancers were incidental findings through cholecystectomy; the misdiagnosis rates of extrahepatic bile ducts cancer and ampulla of Vater cancer reached 19.1% and 47.1%, respectively [5] . Serum levels of carcinoembryonic antigen (CEA) and CA19-9 are often elevated in BTCs, but are not sensitive or specific enough to be used for differential diagnosis of BTCs [7, 8] ; instead they are used in conjunction with imaging techniques but still have low sensitivity and specificity [9] . Due to these limitations, the diagnosis of BTCs sometimes has to include more invasive surgical exploration. More non-invasive methods that could discriminate BTCs from non-cancers are needed.
Serum assays using surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS), a high throughput technique to detect protein expression profiles, is a relatively non-invasive method that has been used to detect differentially expressed proteins in a series of cancers [10] [11] [12] [13] , including intrahepatic cholangiocarcinoma [14, 15] . In this study, we tested the application of using SELDI-TOF-MS to identify novel serum protein profiles that are differentially expressed in BTCs compared to controls in the SBTCS [16] .
Material and Methods

Subjects and Samples
Fifty BTCs, 30 cholelithiasis and 30 healthy controls were randomly selected from the participants of the SBTCS, a population-based case-control study conducted by the Shanghai Cancer Institute and the National Cancer Institute between 1997 and 2001. As described in our previous reports [16] [17] [18] [19] [20] [21] [22] , the BTCs were identified through a rapid reporting system and confirmed by a panel of clinicians, ultrasongraphers and pathologists through reviewing pathologic slides, CT, MRI and ERCP and medical records in a blind fashion. The blood samples of BTCs were collected after diagnosis but before treatment, and blood samples of cholelithiasis subjects and controls were drawn at interview. All samples were processed within four hours of collection and stored at -80
• C after processing. The sera samples of the selected subjects for this study were taken for the first time from the bio-bank of the SBTCS in Shanghai in May, 2008 for SELDI-TOF-MS. The study protocol was approved by the Institutional Review Boards of all institutes involved in the study.
Randomized Selection of the Test Sets
Serum samples from 30 cancer cases, 20 cholelithiasis patients, and 20 healthy controls were randomly selected from a total of 110 subjects. Each sample was divided into two 10 μL aliquots with one aliquot used for the training set and the other aliquot used for the duplicate set. For the remaining 40 samples (20 cancer cases, 10 cholelithiasis patients, and 10 healthy controls), one 10 μL aliquot was created for each sample to be included in the blind test set.
Immobilized Metal Affinity Capture (IMAC30) ProteinChip Assay and SELDI-TOF-MS Analysis
Sodium acetate, acetonitrile, trifluoroacetic acid (TFA), sinapinic acid (SPA) and 3-(cyclohexylamino)-1-propanesulfonic acid (CHAPS) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The IMAC30 ProteinChips and PBS IIc SELDI-TOF equipped with an autoloader were purchased from Ciphergen Biosystems Inc. (Fremont, CA, USA).
IMAC30 ProteinChip arrays were prepared by incubation with 100 mM CuSO 4 for 10 min (50 μL per well) and with 50 mM sodium acetate buffer (pH 4.0) for 2 minutes (10 μL per well). Each incubation was followed by three de-ionized (DI) water rinses. The ProteinChip Assay Cassette was then placed in the Bioprocessor and washed twice for 5 min with 200 mL binding buffer (PBS with 500 mM NaCl, pH 7.2, 200 μL per well). The binding buffer was removed from the wells before adding the sample.
Sera samples were thawed and centrifuged for 10 minutes at 12,000 rpm at 4 °C to exclude insoluble substances, and then were analysed on Cu 2+ -loaded IMAC30 ProteinChip arrays. 6 μL of each sera sample was diluted 40-fold in 234 μL PBS containing 500 mM NaCl (pH7.2), added to each well (200 μL per well), and incubated for 90 min at room temperature on an orbital shaker with shaking at 900 rpm. The ProteinChip arrays were then washed four times using 200 mL of binding buffer (10 min with shaking) followed by a de-ionized water rinse. The ProteinChip arrays were allowed to dry and 0.5 μL of saturated solution of SPA in 50% acetonitrile and 0.15% TFA was applied to each spot. After air drying, another 0.5 μL of SPA was added to each spot and the spots were air-dried again before detection in a PBS IIc SELDI-TOF equipped with an autoloader. Each sera sample was spotted randomly on the surfaces of 25 ProteinChips. Technicians were blinded to the identity of each sample. TOF spectra were generated by averaging 130 laser shots for each spot with an intensity of 150 µJ and a detector sensitivity of 7, and collected over 0-20 kDa ranges with an optimum range of 3,000-15,000 Da. Spectra were externally calibrated to be within in ±0.1% using NP20 chip with all-in-one standardized protein. Peaks were detected automatically using Ciphergen ProteinChip 3.11 software (valley depth and peak height were set at two times the noise).
Decision tree Classification and Model Assessment
To identify the serum proteins and polypeptides that were significantly different between BTCs and non-cancer sera samples, mass-to-charge ratio (m/z) protein peak detection was performed with the Biomarker Wizard module in the mass range from 0 to 20 kDa after normalizing peak intensities to the total ion current. In this study, m/z below 3,000 Da and above 15,000 Da were eliminated from analysis to avoid artifacts caused by the energy absorbing matrix. Therefore, proteins with m/z ranges of 3,000-15,000 Da were included in the analysis for mass calibration, baseline subtraction, and normalization according to total ion current. Valid protein peaks were defined as those with signal to noise ratios (S/N) greater than 5 and with minimum peak threshold (% of all spectra) greater than 10%. The results were exported in .csv format for subsequent analysis. Peaks found to be significantly different between cancers and non-cancers in the training set were used to develop the decision tree classification using the J48 algorithm (java version of c4.5) of R Weka package (http://cran.rproject.org/web/packages/RWeka/index.html). To achieve better results from our decision tree classifier, peaks were ranked by p values from t-tests in ascending order and added to the decision tree model one by one until the best performance was achieved.
Test Set Sample Classification
The validity and accuracy of the optimum decision tree classification were challenged to predict the presence or absence of cancer in sera samples in the duplicate and blind test sets. These samples were arranged randomly and cancer status was unknown to the technicians. Sensitivity and specificity of the decision tree classification were then calculated according to the results.
Assessment of the Reproducibility of SELDI Spectra
The randomly selected 70 sera samples were divided into two aliquots and thus were SELDI-TOF assayed twice. Observation agreement of two assays and kappa value were calculated to evaluate the reliability of the assay. Matched t-test was also applied to compare the difference in intensity between two assays among cases and controls. Overall coefficient of variations (CVs) for the five identified m/z peaks in 10 replicate assays of one subject were used to further evaluate the reproducibility of SELDI-TOF assay.
Statistical Analysis
Comparisons of parameters between BTCs and controls were performed using two sample t-test.
P-values less than 0.01 were considered statistically significant. Sensitivity was calculated as the number of correctly classified as diseased samples divided by the total number of diseased samples.
Specificity was defined as the ratio of the number of negative samples correctly classified to the total number of true negative samples. To assess reproducibility, coefficient of variations (CVs), expressed as a percentage, were calculated as 100 times the standard deviation divided by the mean (CV = 100  /) for signal intensity and m/z using results from 10 replicate assays from one subject. Small CVs indicate less dispersion from the mean and thus better reproducibility. In order to estimate the performance of decision tree model, permutation test was performed [23] . Since the null hypothesis assumes that the two classes are indistinguishable with respect to the selected statistic, all the training datasets generated through permutations are equally likely to be observed under the null hypothesis, yielding the estimates of the statistic for the empirical distribution. An equivalent result would be obtained if we choose to permute the data, rather than the labels. The p value was calculated by 10,000 permutations.
Results
Characteristics of Subjects
The selected BTCs and controls were comparable in age and sex, as presented in Table 1 . Of 50 cancer cases, eight were stage 0-I, 11 stage II, 12 stage III, 18 stage IV, and one of unknown stage; the difference in distribution between the training and blind test sets was not significant (P for χ 2 test = 0.09). By BTC sub-sites, 19 were gallbladder cancers, eight were extrahepatic bile duct cancers, and three were ampulla of Vater cancers; no significant difference in BTC types was observed between training set and blind test set (P for χ 2 test = 0.99). Within BTC subjects, 66% had gallbladder stones and 26% had stenosis of the bile duct, while in cholelithiasis subjects, all had gallstones but only two were reported with stenosis (data not shown in the table). Figure 1A is a representative protein spectrum obtained by IMAC30 processing and SELDI-TOF-MS analysis showing the protein masses between m/z 0 and 20,000 of a single sera specimen. As shown, the SELDI technology was particularly effective in resolving the molecular weight proteins and polypeptides between m/z 3,000 and 15,000 Da. Of a total of 76 protein peaks identified between m/z 3,000 and m/z 15,000, no significant differential peaks were observed between cholelithiasis and healthy controls, and the significant peaks between cholelithiasis and BTCs were almost similar to those between the healthy control and BTCs. Therefore, the two non-cancer groups were combined as one control group for further analysis. The (A) (B) signal intensities for 14 proteins were significantly different between the BTCs and the normal specimens (P for t test < 0.01), with nine down-regulated and five up-regulated in BTCs (Table 2) . Abbreviations: BTCs = biliary tract cancers; m/z = mass-to-charge ratio.
SELDI-TOF-MS Data Analysis
Construction of the Decision Tree Classification
Before constructing the decision tree, all the valid m/z peaks in the training (30 cases and 40 controls), duplicate (30 cases and 40 controls) and blind test sets (20 cases and 20 controls) were aligned, and forty peaks between m/z 3,000 and m/z 15,000 were observed to be valid for the construction of the decision tree classifier. The five most significantly different peaks by intensity levels between BTCs and healthy controls were thus selected as candidate biomarkers to distinguish sera samples of BTCs from those of controls (Table 3) ; these peaks were named for their molecular weights of 3,400, 4,502, 5,680, 7,598 and 11,242 Da. Abbreviation: m/z = mass-to-charge ratio.
Of the five peaks, the 3,400, 4,502 and 7,598 Da peptides appeared to be down-regulated, and the 5,680 and 11,242 Da peptide were up-regulated in sera samples from BTCs compared with those from controls, as shown in Figure 1B , in which randomly selected protein mass spectra for two BTC cases and controls were presented as an example. Together, the five peaks appeared to have the best performance. The correct classification rate of 10-fold cross-validation was 78.54%, and the decision tree classifier constructed with the peaks was observed to outperform a pure random guess (P for permutation test < 0.0001). Figure 2 is the constructed decision tree with four (4,502, 5,680, 7,598 and 11,242 Da) of the five selected peaks. The circles in the figure were the decision nodes with the peak mass in m/z. Listed besides the arrows were the peak intensity cut-off levels. According to the decision tree, a sera sample with an intensity of more than 3.16 at m/z 4,502.57, an intensity of more than 0.14 at m/z 11,242.3 and an intensity of 31.25 at m/z 7,598.46 would be identified as a control's sample. As a result, the decision tree achieved a sensitivity of 96.7% (29/30), a specificity of 85.0% (34/40), and a positive predictive value of 82.9% (29 of 35) in diagnosing BTCs in the training set (Table 4 ). 
Identification of BTC Cases and Controls
As presented in Table 4 , the constructed decision tree was able to distinguish BTCs from non-cancers with a sensitivity of 66.7% (20 of 30) and a specificity of 70.0% (28 of We further checked the sensitivity and specificity of the decision tree according to the site and clinicopathological stage of BTCs, as well as the presence of cholestasis in cancers, and did not find any significant difference in these subgroups (data not shown). Particularly, five of eight early stage BTCs were correctly identified as cases, which was not significantly different from that for advanced staged cancers (P = 0.08 for Fisher's exact test). Considering that patients with cholangiocarcinoma in the extrahepatic bile ducts are more likely to have jaundice, we also compared the sensitivity and specificity between the BTCs with and without obstructive jaundice, but did not observe a significant difference (data not shown). Additionally, we found that the decision tree correctly identified the two cholelithiasis controls with cholestasis in this study as controls.
Reproducibility of the Assays
As shown in Table 5 , the observed agreement of classification results according to the decision tree between the training set and the duplicate set was 71.4%, with a kappa value of 0.43 (u = 3.98, P < 0.01). Further analysis showed that the difference in intensity between two assays was not significant for the 3,400, 5,680, 7,598, and 11,242 Da peptides but reached significance for the 4502 Da peptide among both cases (P for matched t-test = 0.0071) and controls (P for matched t-test = 0.03) ( Table 6 ). Table 5 . Agreement of classification results according to the decision tree between the training set and duplicate set. Training set  Total  BTCs  Normal  BTCs  23  8  31  Normal  12  27  39  Total  35  35  70 Observation agreement = 71.4%; Kappa = 0.43, u = 3.98, P < 0.01;
Duplicate test set
Abbreviation: BTCs = biliary tract cancers. We further calculated the overall percentage CVs for the five identified m/z peaks in 10 replicate assays of one sample. The mean masses, SDs, and overall CVs for detected protein peaks are shown in Table 7 . The overall CVs for intensity were 68.8% for m/z 3,400, 61.0% for m/z 4,502, 32.7% for m/z 5,680, 15.8% for m/z 7,600, and 39.0% for m/z 11,242 Da. The CVs for m/z ranged from 0.0% to 0.05%. The data showed that the reproducibility of protein detection using SELDI-TOF-MS was not satisfactory. Abbreviations: SELDI-TOF-MS = surface-enhanced laser desorption/ionization time-of-flight mass spectrometry; BTCs = biliary tract cancers; CV = coefficient of variation.
Discussion
Since Petricoin et al. [12] have reported identification of a serum protein cluster pattern that segregated ovarian cancers from non-cancers with high sensitivity and specificity, protein profiles have been developed through SELDI-TOF-MS for early detection or as discriminate diagnostic tools for a growing list of cancers, particularly for those with poor survival such as that of the ovaries [12] , lung [11] , liver [10] and pancreas [13] . While evidence supporting the use of SELDI profiling technique as a potential tool for cancer diagnosis is rapidly accumulating, concern about the reproducibility of the methods is also growing [24, 25] .
To date, only two studies have identified specific protein profiles for intrahepatic cholangiocarcinoma [14, 15] . Scarlett et al. [14] compared the serum profiles of 20 cholangiocarcinoma with those of 20 benign diseases and 25 healthy volunteers and found that the m/z 4,462 peak had superior discriminatory ability compared to the currently used biomarkers, CA19-9 and CEA; the training models developed with panels of peaks from serum protein profiles could distinguish patients with cholangiocarcinoma from those with benign lesions with 65.0% sensitivity and 70.0% specificity, and from sera of healthy volunteers with 75.0% sensitivity and 100% specificity. Liu et al. [15] analyzed 427 serum samples including 56 cholangiocarcinomas, 49 hepatobiliary diseases, 269 other cancer controls and 53 healthy individuals using SELDI technology and discovered three biomarker panels (m/z 13.76, 13.88, and 14.04 kDa) that could effectively distinguish cholangiocarcinoma from benign biliary diseases and normal individuals. However, these biomarkers were not tested on BTCs.
In the current study, we used the SELDI-TOF-MS in combination with the J48 algorithm of the R Weka package to profile protein signatures of sera samples from BTCs cases and controls. Five peaks corresponding to 3,400, 4,502, 5,680, 7,598, and 11,242 Da peptides were identified as top differential proteins for BTCs and used to construct a decision tree classification with a sensitivity and a specificity as high as those previously constructed for intrahepatic cholangiocarcinoma [14, 15] . The sensitivity and specificity appear higher than those reported for CA19-9 and CEA, the main serum markers currently used in diagnosis of BTCs [26] [27] [28] . Our results suggest diagnostic potential of the SELDI technique in BTCs.
In this study, we found that the sensitivity and specificity of the constructed decision tree in detecting cases were not significantly different between the BTCs at different clinicopathological stages. These results indicate a promising role of the profile as an early detection biomarker for BTCs. Another important finding in this study is that the BTCs, regardless of the tumor site, shared a similar protein profile. The common embryologic origin of gallbladder and bile ducts may explain the findings. However, we could not exclude the possibility that the proteomic changes may not be cancer specific but may be due to presence of cholestasis, a symptom usually occurred in BTCs. In this study, however, the sensitivity and specificity were not significantly different between the BTCs with and without obstructive jaundice, and the only two cholelithiasis controls with cholestasis in this study were correctly identified as the normal, both of these findings help to partly alleviate our concern.
It is of note that the sensitivity and specificity were much lower in the duplicate set than in the training set, suggesting unsatisfactory reliability of the SELDI technique. Therefore, we further evaluated the reproducibility of the technique through two approaches. In the first approach, we compared the intensity of specific peaks in the training set and in duplicate testing set as well as to calculate agreement and Kappa value of the two assays. For the second approach, we assayed one sample 10 times and calculated the overall CVs for intensity and m/z of differential peaks. The results from both approaches suggest that the reproducibility of protein detection using SELDI-TOF-MS was not satisfactory. The low assay reproducibility may limit the application of the technique in clinical practice. Therefore, how to improve the assay reproducibility is vital for the extensive application of the technique. Dividing target proteins using different methods or inonizing proteins in double charge instead of single charge may be help to achieve the goal.
The strengths of this study include the representative samples of BTCs, cholelithiasis and healthy controls, multiple comparisons of the subjects, and comprehensive evaluation of reproducibility of SELDI technique. Due to the limited number of samples (n = 110) in this analysis, however, our results need to be considered as preliminary. In this study, we did not assay the CA19.9 and CEA, thus we could not evaluate the combined sensitivity and specificity of these biomarkers with the protein profiles. Moreover, the sera samples used in this study had been stored at −80 °C for a few years. The long term storage of the samples may lead to degradation of certain proteins. However, this study was the first thaw of the sera samples and thus effects of freeze-thaw cycles are minimized. In addition, we could not compare the differential protein peaks between malignant and benign lesions since subjects with benign disease were not included in the parent study. We also did not isolate, identify and quantify the differential proteins, which limited our ability to understand the mechanisms underlying the difference in protein expression between BTCs and non-cancers.
Conclusion
In summary, our pilot study suggests that serum protein profiling by SELDI-TOF MS analysis can distinguish BTCs from non-cancers with higher sensitivity and specificity than other non-invasive methods. Therefore, although the low reproducibility raises a question on the validity of the technique, SELDI-TOF MS is meaningful as a diagnostic tool for BTCs. Reproducibility of the technique would need to be improved in order to extend its application in clinical practice.
